INTRODUCTION
Allergic asthma arises as a result of a complex interplay between stromal cells of the lung and cells of innate and adaptive immunity. Innate immunity contributes to initiation, maintenance, and resolution of the allergic response. Some innate immune cells play a master regulatory role and some exert specific effector functions. Innate lymphoid cells belong to master regulators of allergic inflammation. The importance of innate lymphoid type-2 cells (ILC2s) has been highlighted in multiple original research and review articles. Less is known about other innate lymphoid cells, including natural killer (NK) cells. The purpose of this review is to provide a summary of current knowledge on the role of NK cells in asthma.
NATURAL KILLER CELLS IN HUMAN ASTHMA
There are several reports on NK cells in human asthma. Early studies [1, 2] demonstrated increased cytotoxic activity of NK cells in peripheral blood from asthmatic patients. This activity decreased immediately after allergen challenge suggesting either migration of NK cells from circulation to the lung, or suppression of NK cell cytotoxicity by an allergen or allergic inflammatory milieu. A more recent study by Lin et al. [3] compared asthmatic children during acute exacerbation and children with stable asthma. The former group had higher numbers of NK cells in the blood. Barnig et al. [4] investigated adult patients and found that NK cells from severe asthmatics expressed significantly higher levels of the activating receptor NKG2D and the activation marker CD69 relative to cells from mild asthmatics and healthy patients. In severe asthmatics there was a positive correlation between NK cell number and peripheral blood eosinophil count. In addition, the eosinophil number had a positive relationship with NK cell surface expression of CD69 and NKG2D. To determine the impact of NK cells on eosinophils, the authors performed coculture experiments. They found that NK cells triggered apoptosis of eosinophils. The mechanism might have involved the proresolving lipid lipoxin A4. Lipoxin A4-exposed NK cells induced more apoptotic eosinophils compared with unexposed cells. The NK cell-mediated apoptosis of eosinophils is an exciting finding on its own merit but it does not explain the positive correlation between NK cell and eosinophil numbers. Wei et al. [5] studied cytokine profiles of NK cells in asthma. Healthy patients served as controls. Patients with asthma had increased frequencies of interleukin 4 (IL-4)-producing NK cells and decreased frequencies of IFNgproducing NK cells in the blood. NK cell clones were then obtained by limiting dilution. Clones from asthmatic patients had higher levels of transcripts for IL-4 and IL-6 and lower levels of transcripts for IFNg, TNFa, and lymphotoxin. The relationship between numbers of IL-4-producing NK cells and eosinophils was not determined.
NATURAL KILLER CELLS IN MOUSE MODELS OF ASTHMA
Mouse models have shown that a function of NK cells in asthma can be protagonistic or antagonistic, dependent on the environmental agent that is used to elicit the disease [allergen, diesel exhaust particles (DEPs), and virus] and the phase of the disease (sensitization, the effector phase, and the resolution phase).
NK cells act as protagonists of allergic sensitization in allergen-induced models of asthma. Using the ovalbumin (OVA)-induced model of asthma Korsgren et al. [6] ] investigated the importance of NK cells in T cell priming in an adoptive transfer model. CD4þ T cells from sensitized NK cell-deficient mice were unable to induce eosinophilia in lungs of allergenchallenged RAG1À/À recipients, whereas CD4þ T cells from wild-type (WT) donors were fully capable of doing so. The mechanism of T cell priming might have involved dendritic cells. Depletion of NK cells reduced a number of CD11cþ cells in the spleen and the lung. NK cells are recognized regulators of dendritic cells. NK cells can induce differentiation of monocytes into dendritic cells via secretion of granulocyte macrophage colony stimulating factor, attract dendritic cells via CCL3, CCL4, and CCL5, and mature them via TNFa and IFNg [8] [9] [10] [11] .
In addition to positive effects on allergic sensitization, NK cells promote the initiation of asthma effector mechanisms. Ple et al. [12] observed that the onset of the effector phase was characterized by expansion of NK cells in mediastinal lymph nodes. Lymph node NK cells expressed higher levels of CD86, suggesting interactions of NK cells with CD4þ T cells. To understand a significance of these observations, Ple et al. administered NK cell-depleting antibodies prior to the effector phase. NK cell depletion resulted in a sharp decrease of eosinophil numbers in the lung.
An article by Farhadi et al. [13 & ] provided insight into mechanisms of NK cell activation by allergens. The investigators started their story by demonstrating that that airway inflammation in the house dust mite (HDM)-induced model of asthma was dependent on NKG2D. NKG2D is an activating receptor expressed on all NK cells and subsets of T cells [14] . It serves as a major receptor for recognition and elimination of unhealthy/stressed cells including NK cells play a critical role in allergic sensitization and induction of the effector phase in allergen-induced mouse models of asthma.
Prenatal exposures to environmental pollutants lead to the emergence of type-2/3 NK cells that mediate predisposition to asthma.
Virally activated NK cells augment preexisting allergic inflammation and contribute to asthma exacerbations. When infection occurs in naïve animals prior to allergic sensitization, NK cells prevent type-2 responses and asthma.
NK cells can be activated by proresolving lipid mediators and contribute to resolution of allergic inflammation.
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WT NK cells restored allergic inflammatory responses in NKG2D knockout recipients. These responses were not restored upon a transfer of NKG2D-deficient NK cells, granzyme B-deficient NK cells, or WT T cells. In summary, the study indicated a critical role of NKG2D and granzyme B in NK cell-mediated activation of type-2 immunity in asthma.
Studies by Korsgren, Mathias, Ple, and Farhadi have shown that NK cells are participants of inflammation in asthma. We have postulated that NK cells may also act as carriers of asthma predisposition. We have focused on asthma predisposition that is acquired through prenatal exposure to diesel exhaust [15 & ]. In our model, female mice were repeatedly exposed to DEPs during pregnancy. Offspring underwent immunization and challenge with OVA. The immunization strategy differed from that used in traditional models. It was administered very early in life (the neonatal period) and therefore was 'suboptimal'. Consequently, the described treatment with OVA did not elicit inflammation in normal pups (pups born to unexposed mothers). The inflammation developed only in predisposed pups, that is, pups born to DEP-exposed mothers. In this model, NK cells acquired an unusual phenotype -they produced type-2 cytokines (IL-5 and IL-13) and IL-17A. In fact, NK cells constituted the majority (>50%) of IL-5/IL-13/IL-17-producing pulmonary leukocytes. Through production of these cytokines, NK cells were likely to have a direct influence on eosinophils, bronchial epithelium, and airway hyperresponsiveness. We postulated that the type-2/3 cytokine expression profile of NK cells was a result of environmentally induced reprogramming of fetal NK precursors. One potential mechanism of this reprogramming may involve activation of the transcriptional factor aryl hydrocarbon receptor (AhR). AhR is a known target for DEP-derived polycyclic aromatic hydrocarbons [16] . AhR is an established regulator of the IL-17A gene transcription [17, 18] . Some reports suggest the positive role of AhR in IL-5 and IL-13 production [19, 20] . Thus, AhR may provide a molecular link between maternal exposure to DEP and cytokine production in offspring NK cells. In fact, we observed increased activation of AhR in prenatally exposed pups. The reprogrammed NK cells mediated asthma predisposition. Depletion of these cells prevented development of asthma.
NK cells were also suggested to mediate virally induced asthma exacerbations. To elicit asthma exacerbation, Lunding et al. [21 & ] injected poly(inosinic-cytidylic) acid [poly(I-C)] into mice with an established allergic inflammation of airways (the end of the challenge phase in the OVA model).
Poly(I-C) is a viral 'mimic' that signals through Toll-like receptor 3 (TLR3). Injection of poly(I-C) exacerbated asthma and increased numbers of IL-17A-producing NK cells in the lung. Depletion of NK cells a day before the poly(I-C) injection reduced levels of IL-17A and prevented asthma exacerbation. Asthma exacerbation was also prevented by depletion of IL-17A. The study suggests a critical role of IL-17A-producing NK cells in the pathogenesis of virally triggered asthma exacerbations.
In the model presented by Lunding et al. NK cell activation by a viral mimic occurred during an ongoing allergic response. In these settings, NK cells acted as enhancers of asthma. An article by Kaiko et al. [22] shows a different scenario; when viral infection occurs in a naïve mouse, in the absence of an allergic inflammatory milieu, NK cells acquire antiasthma capacities that are attributable to the production of IFNg. Depletion of NK cells at the time of infection with respiratory syncytial virus (RSV) resulted in the reduction of IFNg synthesis, augmentation of virus-specific Th2 responses, increased mucus production, and eosinophilia in the lung. Th2 responses persisted over the long term; they were detectable at day 42 postinfection. Administration of IFNg to NK cell-depleted mice on day 4 postinfection reversed the cytokine pattern. To study the role of virally primed NK cells on subsequent responses to allergens, Kaiko et al. depleted NK cells in RSV-infected mice and then subjected these mice to a series of treatments with aerosolized OVA. In the absence of an adjuvant or other immune stimulator, mucosal exposure to OVA is known to induce tolerance to this allergen. NK cell depletion during RSV infection broke this tolerance, increased type-2 cytokine production in lymph nodes and eosinophil numbers in the lung. The authors suggest that NK cell deficiency in pediatric patients may provide a mechanistic link between severe RSV infection and a risk of childhood asthma.
Haworth et al. [23] investigated a role of NK cells in the resolution of allergic inflammation. The investigators used an OVA model of experimental asthma. The NK cell-depleting antibody was administered 4 days after initial challenge with OVA, that is, during the effector phase of allergic response. Mice were examined during the resolution phase. In these settings, depletion of NK cells prevented the resolution of peribronchial cellular infiltrates (histology). Interestingly, NK cell depletion had no effect on pulmonary IL-5 and IL-13 and only marginal effect on eosinophils. Instead, depletion of NK cells led to significant increase in the number of OVA-specific CD4þ T cells in the lung and increased levels of pulmonary IL-23, IL-17A, and IFNg. Therefore, the role of NK cells during the resolution phase is likely to suppress antigen-specific Th17 and Th1 immunity. This is reminiscent of reports on the critical role of NK cells in suppression of myelinspecific Th17 cells in experimental autoimmune encephalomyelitis (EAE) [24, 25] . In allergic inflammation, the suppressive functions of NK cells may be driven by resolvin E1, as depletion of NK cells interfered with the ability of exogenous resolvin E1 to limit inflammation [23] . Figure 1 summarizes the proposed activation mechanisms and functions of NK cells in asthma.
CONCLUSION
The articles described above show that NK cells may promote or inhibit type-1, type-2, and type-3 immunity. The outcome of NK cell activation is likely dependent on many factors including the type of environmental trigger, the type and the phase of inflammation, the cytokine/mediator milieu, the cellular partners, the developmental stage of the organism, and the differentiation stage of the NK cell. In this regard, NK cells are not different from other cell types of the immune response. Similar divergent and often opposing functions have been 
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reported for T cells, dendritic cells, and many other cells. One possible explanation for this is that immune cells never work in isolation; instead they act as components of large networks; in these networks, functions of an individual node are more influenced by a network than by intrinsic properties of a node.
The presented articles raise lots of enthusiasm and strongly suggest the importance of NK cells in asthma. However, these studies are not without caveats. The main limitations are less-than-perfect approaches used to deplete NK cells. The majority of studies used depleting antibodies, either anti-NK1.1 or anti-asialo-GM1. The use of these antibodies has been a method-of-choice in NK cell research for many years. However, these antibodies are not 100% specific as they eliminate some non-NK cells including NKT cells (anti-NK1.1) and subsets of activated T cells (anti-asialo-GM1). One group utilized transgenic mice that overexpressed the inhibitory receptor Ly49A under control of the mouse granzyme A genomic sequence [7 & ]. The mice had severely reduced numbers of NK cells. The caveat was that Ly49A was also expressed on 50% of T cells [26] . Therefore, a phenotype of transgenic mice might also be attributable to the inhibition of T cells by Ly49A.
In summary, we made several very promising observations on NK cells in asthma. Further studies are needed to confirm current findings and elucidate immunological and molecular mechanisms of NK cell priming, activation, and effector functions in this disease.
